In light of recent LHC results for the extraction of the B s mixing phase φ s , we can already conclude that if New Physics (NP) is present in this observable, it is hiding pretty well. Thus, as our hunt continues, we must be weary not to confuse NP for penguin effects, or vice versa. In this talk the progress made towards addressing hadronic uncertainties in extractions of φ s from B s → J/ψφ is reviewed, and the nature of the scalar f 0 (980) state, which plays a dominant role in the extraction of φ s from the B s → J/ψπ + π − decay, is discussed.
Introduction
The CP-violating mixing phase φ s * of the B s meson system has long been a promising and popular probe of New Physics (NP). In principle, it can be extracted from its interference with the phase ∆φ f of any chosen decay mode B s → f that is common to both B s flavour states, provided, of course, that the latter phase shift is known. The decay mode of choice is B s → J/ψφ, which has the desirable property that its dominant diagram has a vanishing phase shift relative to φ s , as well as a favourable decay rate and experimental signature. Yet it also has an Achilles heel: the contribution of penguin diagrams to the phase shift. Although suppressed, these diagrams introduce hadronic uncertainties that must be controlled to achieve precise measurements.
The vector-vector nature of the J/ψφ final state gives three transversity (or polarization) amplitudes, two of which are CP-even and one CP-odd [1, 2] , necessitating an angular analysis to disentangle them. Because the φ is observed via its decay to K + K − , a small S-wave component has also been found to contribute, adding a fourth, CP-odd, amplitude to the mix [3, 4] . The dominant resonance in this S-wave is the scalar f 0 (980) state [5] . This led to a proposal to also extract φ s from B s → J/ψπ + π − [6] , which has a dominant f 0 (980) resonance, too [7] . If the f 0 (980) can be shown to have a ss composition similar to the φ, the phase shift associated with this decay mode could be controlled in an analogous way to those of B s → J/ψφ.
There has been great progress recently from the LHC experiments in extracting φ s . For the decay mode B s → J/ψK + K − the following values have been reported:
Likewise, for the extraction from B s → J/ψπ + π − LHCb has reported [11] φ s (+ ∆φ J/ψππ ) = (4 ± 3.9)
•
These results clearly lie close to the Standard Model (SM) prediction of φ
• [12] , dispelling the possibility of a large NP signal. Thus if there is NP present in the B s mixing phase, it must be small and perhaps even be conspiring with the phase shifts to stay hidden. Thus the dilemma is that without control over the phase shifts, it will be impossible to conclude whether a future experimental deviation indicates NP, or if no deviation means no NP.
In Section 2 we review the control of penguin contributions to the phase shifts ∆φ J/ψφ h . In Section 3 we discuss whether the dominant resonance in B s → J/ψπ + π − , the scalar f 0 (980), can be interpreted as an ss state. Finally in Section 4 we give a summary. * We define φ s as the argument of the dispersive part of B 
with ∆M s and ∆Γ s the mass and decay width differences of the B s system, and
Here C h is the direct CP violation and ∆φ h the phase shift for each transversity amplitude.
A non-zero ∆φ h requires the sub-leading diagrams to carry CP-violating phases, which is notably the case for penguin diagrams with internal up and top quarks. By pulling the CKM structure out of the contributing diagrams and utilizing the unitarity of the CKM matrix in the SM, we may write [13] 
The A h and b h e iθ h are CP-conserving hadronic parameters with a non-perturbative nature. In particular b h e iθ h represents the ratio of such hadronic contributions from diagrams that carry a CP-violating phase (γ) with those that do not, whereby it is approximately a ratio of penguin contributions over the leading tree contribution. A virtue of these decays is that b h is Cabibbo suppressed by ≡ λ 2 /(1 − λ 2 ) 5%. Consequently, for γ = 68
• , our observables are † [13] ∆φ h ≈ (6
The troublesome penguin diagrams are loop suppressed and also OZI suppressed due to the radiative production of the J/ψ, leading to a perturbative estimate of b h ∼ O(10 −2 ) [14, 15, 16] . The difficulty, however, is in accounting for non-perturbative hadronic effects, which could potentially give an order of magnitude enhancement. The presence or absence of such an enhancement makes all the difference in whether we can neglect the phase shift given in (6), or not.
One method to control penguin contributions is via the approximate SU (3) F flavour symmetry of strong interactions, which can relate the hadronic parameters of decay modes driven by b → scc transitions to those by b → dcc. Analogous to (5), the amplitudes of the latter control channels are given by where in the limit of an exact flavour symmetry A h = A h and b h e iθ h = b h e iθ h . Because the parameters b h e iθ h are not suppressed by , CP studies of the control modes are more sensitive to their extraction. On the other hand, an overall Cabibbo rate suppression means their precision typically trails that of b → scc driven modes.
Proposed control channels for B s → J/ψφ are the flavour symmetry related decays B d → J/ψK 0 * and B d → J/ψρ 0 [17, 13] . As they too are vector-vector final states, each transversity amplitude can control the phase shift of its counterpart. An important caveat is that K 0 * and ρ 0 , as octets of SU (3) F , are related to the octet φ 8 , while the physical φ, being mostly ss, also has a sizable SU (3) F singlet φ 0 component [18] . While SU (3) F breaking is estimated to be m s /Λ QCD ∼ f Bs /f B d − 1 ∼ 20−30%, the reliability of a larger U (3) nonet symmetry for these decays is less certain.
The mode B d → J/ψK 0 * is flavour-specific and thereby has no mixing-induced CP observables available. Instead, its C h observables must be complemented with decay rate information in order to extract b h e iθ h , introducing large uncertainties via the amplitude ratios |A h /A h | [13, 19] . The branching ratio and polarization fractions of this decay have already been measured by LHCb [20] , and a 3 fb −1 update that includes direct CP violation measurements is in progress ‡ . The mode B d → J/ψρ 0 , on the other hand, does have access to mixing-induced CP observables and LHCb has recently reported a preliminary estimate of the penguin induced phase shift [21] . Assuming exact SU (3) F flavour symmetry, a universal phase shift of ∆φ f = (0.05 ± 0.56)
• is estimated. The flavour symmetry method is also applied to control penguin effects in B d → J/ψK S , where a similar phase shift is expected. A recent update, including the control channels B d → J/ψπ 0 and B s → J/ψK S , finds ∆φ J/ψK S = (−0.97
−0.65 )
• [22, 23] , in agreement with earlier results [24, 25] . In a similar study a full fit to the SU (3) F related decays B u,d,s → J/ψ{K, π, (η 8 )} was performed, including linear breaking terms, finding ∆φ
• [26] . In particular, the breaking terms were found to be crucial for the goodness of the fit. A similar method could potentially be applied to the vector-vector decays B u,d,s → J/ψ{φ, ω, ρ, K * } in the future [27] . There has recently been an attempt to calculate the non-perturbative contribution to the u-quark penguin in the low-energy effective theory [28] . By exploiting the large momentum flow through the u-quark loop (due to the heavy J/ψ) the penguin diagram can be shown to factorize into a single effective operator. By placing bounds on the associated hadronic matrix element using a 1/N c expansion, |∆φ f | ≤ 1.2
• is estimated.
The nature of the f 0 (980) in B decays
The f 0 (980) is a scalar state with the quantum numbers J P C = 0 ++ . With a mass of 990 MeV it joins the club of scalar states with masses below 1 GeV that together could form a nonet, specifically {f 0 (980), f 0 (500), κ, a 0 (980)}, the nature of which has been debated for several decades (for a review see Ref. [29] ). The simplest interpretation, that they are ‡ see the talk of W. Kanso in these proceedings.mesons in a P-wave, cannot explain their inverted mass hierarchy with respect to their assumed 'strange' quark content. Furthermore, the additional orbital momentum should make them half a GeV heavier than their vector meson nonet counterparts {φ, ω, K * , ρ}. Thus other interpretations that can explain these discrepancies have been suggested over the years. These include tetraquarks (diquark-anti-diquark bound states), meson-meson molecules, or some mixture of the two.
In both theand tetraquark (4q) pictures the two isospin singlet states f 0 = f 0 (980) and σ = f 0 (500) can mix. We will consider simple realizations of both pictures, where the mixing is given by
In Ref. [30] these two pictures were compared in the context of B s → J/ψf 0 , where it was found that significantly different decay dynamics are possible. In the tetraquark picture, in particular, an additional tree-level topology is present that carries a CP-violating phase, as shown in the left panel of Figure 1 . Based on such unknown decay dynamics the conservative estimate ∆φ
• ] was derived, and B d → J/ψf 0 was explored as a potential control channel. In Ref. [31] a test of the two pictures was proposed that utilises the mixing relation between the f 0 and the σ via the branching ratio ratios [31, 32] 
where the choice of no tetraquark mixing was motivated by the bound |ω| 5
• from Refs [33, 34, 30] . The above ratios have since been measured by LHCb, which finds r < 0.018 [7] , with the bounds at 90% CL. If the relation given in (10) (denoted by †) is taken to be exact, the tetraquark picture (without mixing) would be ruled out by 8 σ [35] . If, in addition, the relation in (11) were exact, the resulting small mixing angle would imply that the f 0 is almost completely a P-wave ss state in thepicture.
There are, however, a number of caveats to the relations denoted by † in (10) and (11) that need to be taken into account [36] . For instance, there are sizable asymmetries possible in the production of the f 0 and σ states. If we were to consider, for example, only the leading colour-suppressed diagram and apply naive factorization, there is only limited evidence to suggest that |F Bqσ /F Bqf 0 | are close to one [32, 31] . There may also be significant sub-leading diagrams contributing, which for b → ccd transitions receive no CKM suppressions. In particular, the tetraquark topology shown in the left panel of Figure 1 can contribute to
0 . Furthermore, the assumption of negligible tetraquark mixing, namely |ω| 5
• from Refs [33, 34] , could be outdated: updating this bound using a mass for κ of m κ = 682 MeV [37] (previously m κ = 797 MeV), gives ω ≈ 20
• (see also Ref. [38] ). Allowing for mixing modifies (10) and (11) to
Here X c is the ratio of exchange and penguin annihilation amplitudes relative to the dominant tree diagram. We estimate |X c | 5% from branching ratio limits on B d → J/ψφ, where these diagrams dominate, which is also the suppression of Λ QCD /m b expected for diagrams with spectator quark interactions. An X c of this magnitude can shift ω in (12) by up to ±5
• . Let κ denote the ratio of the special tetraquark topology for B [0] topologies § . In the right panel of Figure 1 we plot the experimental results for (10), (11) , and the ratio with respect to the tetraquark mixing angle ω and κ . For simplicity we have ignored other sub-leading diagrams (such as penguins), and taken κ to be real. Included in each amplitude ratio is also a 30% error to account for the flavour symmetry breaking and possible production asymmetries for the scalar states. We observe from the figure that by including these caveats the tetraquark picture can survive the current B decay constraints, and it will be interesting to follow how this picture develops. Of course not all of the discussed caveats necessarily apply, and Occam's razor currently favours alike production for the scalar states. Either way, our descriptions for both theand tetraquark pictures are probably too simple, and the true nature of the light scalar states is unlikely to be solved by B constraints alone. Nonetheless, the important point is that a diagram like the one shown in the left panel of Figure 1 , or its meson-meson molecular analogue (with a flipped internal quark line), could contribute significantly to the B s → J/ψπ + π − decay modes, and thereby need to be controlled to allow for precise extractions of φ s .
Summary
The B s mixing phase φ s is now known to lie very close to the SM prediction thanks to excellent progress from the LHC experiments. Therefore to continue the search for NP, the control of hadronic uncertainties in the B s → J/ψK + K − and B d → J/ψπ + π − modes will become a crucial aspect of these analyses. To this end, we reviewed several available methods, including the control of penguin contributions using the flavour symmetry related modes B We also discussed the nature of the f 0 (980) resonance in the S-wave amplitudes of these modes, and argued that a tetraquark interpretation can survive the current constraints from B decays. As a result, the f 0 (980) resonance can exhibit different decay dynamics to that of the φ, and care should be taken in interpreting averages of φ s extractions involving the two.
